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Thermal processThe thermal activation of oxyhydroxides is a key industrial process in preparing oxide materials. When
dealing with nanoparticles, the phase transition properties are drastically modified. By preparing size-
and shape-controlled boehmite nanoparticles, we demonstrate that the transformation temperature into
c-alumina is significantly altered. Rhombus crystallites were obtained from boehmite precipitated at
basic pH, whereas crystallites precipitated at pH 4.5 were hexagonal. For the same crystallite size (ca.
4.5 nm), the transition temperature of the hexagonal crystallites was 315 C whereas that of the rhombus
ones was only 270 C. A thermodynamic model was developed to rationalize these observations: the
transition temperature results from a compromise between the crystallite size and the ratio of the lateral
and basal surfaces. Consequently, the as-determined kinetic data could be a powerful tool for developing
new efficient calcination processes and optimizing alumina properties.1. Introduction
Many oxidematerials used in industrial applications derive from
their hydrated forms, hydroxide or oxyhydroxide that are available
either as ore or synthetic materials. These hydrated forms require
thermal treatment to obtain the activated phases needed for indus-
trial applications [1]. This phase transformation is also a necessary
step for several oxides such as the anatase/rutile TiO2 transition [2].
For several nanosized materials, the crystallite size, shape and sur-
face properties have proven to be critical parameters governing
these solid-solid transitions (kaolinite/metakaolinite [3], anatase/
rutile [2] or cubic/monoclinic yttria [4]). In textbooks, reported
transition temperatures correspond to bulk phases and are
adequate for large-size crystallites. On contrary, at the nanoscale,
the surface energies are no more negligible compared to bulk
energies and it can be expected that the surface energy contribution
(and thus the crystallite size and shape) modify the transition
temperature: this phenomena have been recently theoretically
investigated for the goethite/hematite transition [5]. Another
example of the crucial role of surface energy can be found for the
c-Al2O3/a-Al2O3 transition [6]: at 800 K, the transition alumina is
thermodynamically stable compared to the high-temperaturealumina phase, if its surface area is greater than 75 m2/g.
Nevertheless, no experimental studies have yet demonstrated the
effects of crystallite morphology (i.e. taking into account both size
and shape) on phase transition temperatures.
To achieve this goal, we focus on the boehmite/c-alumina
(c-AlOOH/c-Al2O3) transformation. Alumina is among the most
widely used oxide materials. The c-alumina is of particular interest
due to its importance in the preparation of controlled porosity cat-
alysts with enhanced textural, surface and mechanical properties
[1,7,8]. This oxide is typically obtained by calcinating aluminum
oxyhydroxides (Al2O3xH2O), among which boehmite (c-AlOOH)
is the most important precursor material. Boehmite is easily
obtained via aqueous precipitation or the sol-gel route [8,9]. To
improve the catalyst support properties, the boehmite crystallite
size, shape, sample porosity, and surface area are optimized
through the preparation conditions. Numerous advanced methods
have been developed to prepare boehmite particles with various
shapes and to recover after activation the final material with the
desired surface properties [10,11]. During the final calcination step,
c-AlOOH is converted into the desired alumina phase. Because the
oxygen sublattice of the boehmite becomes cubic after the depar-
ture of the bulk water molecules [12], its decomposition into the
transition alumina involves only short-range rearrangements of
the atoms in the crystal structure, without significant alterations
of the crystallite shape. This type of transformation is referred to
as topotactic [13] and requires little energy. Consequently, precise
control over the calcination process can maintain the boehmite
textural properties designed during the synthesis step. As reported
in the literature [14,15], this transformation spreads over a wide
temperature range from 380 to 650 C. The transformation temper-
ature and thermal stability reportedly depend on the boehmite
crystallite size [16]. Several works [14,16,17] have indicated that
the boehmite transformation temperature into c-alumina
increases with increasing boehmite platelet thickness. Bokhimi
et al. [14] correlated the transformation temperature to the crystal-
lite thickness and reported a transformation temperature ranging
between 380 and 530 C for crystallites having thicknesses of
1.1 nm and 26.3 nm, respectively. These experimental results are
explained by the bulk d(OH–O) bending distance between the
AlOOH sheets, which decreases for large crystallites. As this dis-
tance decreases, its energy increases causing an increase in the
transition temperature. More recently, it has been shown [18] that
platelet- and rod-shaped boehmite nanoparticles lead to different
phase transformation sequences between 600 and 1100 C: for
the same calcination temperature, the surface and catalytic proper-
ties depend on the initial boehmite morphology. Moreover, the
thermal stability of c-alumina is strongly correlated with the par-
ticles morphology, inherited from the boehmite one: for instance,
it has been suggested that the presence of penta-coordinated Al3+
sites, only formed on the (100) surface [19], is detrimental to
c-alumina stability [20]. Finally, the surface energy of the different
exposed surface, depending on the operating conditions such as
temperature [15,19] and water pressure [21,22] is a key parameter
in nanoparticles phase transition.
In the present paper, we prepared a set of boehmite samples of
varying size and shape. Kinetic simulations of the non-isothermal
thermogravimetric analyses (TGA) of these samples allowed to iso-
late the reaction of interest, the boehmite transformation into alu-
mina (as follows) and its starting temperature (Ti) to be precisely
determined:
2AlOOH! Al2O3 þH2O ð1Þ
Strong variations of the starting temperature are found accord-
ing to crystallite morphology. To rationalize these observations,
these temperatures were calculated by developing a model based
on the thermodynamic data found in the literature that considers
the surface energy contribution to the phase transition
temperature.
2. Experimental section
2.1. Sample preparation
The initial starting material was synthesized in an aqueous
medium by precipitating aluminum nitrate (Al(NO3)3, 0.1 mol L1)
with sodium hydroxide (NaOH, 1 mol L1) at room temperature
and aging the precipitate at 100 C for one week as reported by
Jolivet et al. [23] The final pH was 4.5. The suspension was then
washed via centrifugation and dried overnight at 80 C. This boeh-
mite synthesized under acid conditions was denoted starting
material A.
The second starting material, denoted N (neutral condition),
was obtained using the same method but with a final pH of 6.5,
leading to a different crystallite shape.
The third starting material was an industrially precipitated
boehmite provided by a catalyst manufacturer (Axens SA,
Rueil-Malmaison, France) that was obtained at a basic pH of
approximately 9 by neutralizing an aqueous solution of aluminum
sulfate with a sodium aluminate solution as reported by Morgado
et al. [24] This boehmite synthesized under basic conditions was
denoted starting material B.The final starting material was synthesized via the hydrolysis of
an aluminum alkoxide. A large excess (H2O/Al  100) of hot (85 C)
distilled water was rapidly poured into aluminum tri sec butoxide,
Al(OC4H9)3 under stirring and maintained for 15 min. The obtained
sol was dried at 80 C, then ground to yield a boehmite referenced
as SG.
To modify the crystallite size, hydrothermal treatment of the A,
N, B and SG starting materials was applied over times ranging from
3 to 55 h at either 150 or 180 C without stirring. The suspension
concentrations were approximately 100 g L1, with no adjustment
of the pH. The resulting suspensions were dried in an oven at 80 C
for 24 h. The samples were identified according to the following
notation: X (X = starting material, A, N, B or SG)  Y (hydrothermal
treatment period in h)  Z (hydrothermal treatment temperature
in C). For example, B-6-180 indicates a hydrothermal treatment
of the B sample for 6 h at 180 C. The as-obtained samples (13)
were then characterized in terms of phase purity and crystallite
size and shape.2.2. Sample characterization
The crystal phase was investigated by Powder X-Ray Diffraction
(PXRD). Data were collected on a PANalytical X’Pert Pro h-h diffrac-
tometer in Bragg–Brentano geometry, using filtered Cu Ka radia-
tion and a graphite secondary-beam monochromator. Diffraction
intensities were measured at room temperature by scanning from
2 to 72 with a step size of 0.05 (2h).
TEM observations were performed on a JEOL2100F-FEG (Field
Emission Gun) microscope. A small amount of powder was dis-
persed in water using an ultrasound bath. Then a droplet was
deposited on a carbon-coated grid and allowed to dry.
The nitrogen adsorption-desorption isotherms were collected at
77 K using an adsorption analyser Micromeritics ASAP 2420. Before
analysis the samples were outgassed in vacuum for 6 h at 110 C.
Specific surface area (SSA) was determined, from adsorption iso-
therm, by the BET method. The relative error associated with
adsorption-desorption analyses was estimated to be 5% for the SSA.
Thermogravimetric analyses (TGA) were performed with a
Mettler Toledo thermo balance using ca. 16 mg of powder. These
experiments were done under 25 mL min1 air gas flow. Water
concentration in the air flow was less than 20 ppm.3. Results and discussion
3.1. Crystallite size and shape of the materials
The set of boehmite particles with controlled morphologies was
prepared as explained in the Experimental Section. Briefly, three
samples have been prepared by aqueous precipitation in acidic
(A), neutral (N) and basic (B) media and one by sol-gel (SG)
method. For these starting materials, hydrothermal treatments
have been performed. The recovered samples are labeled with
the following notation: X (X = starting material)  Y (hydrothermal
treatment period in h)  Z (hydrothermal treatment temperature
in C). For example, B-6-180 indicates a hydrothermal treatment
of the B sample for 6 h at 180 C.
The crystalline phase was investigated via PXRD with boehmite
as the only crystalline phase detected in the samples (see the
Supporting Information Figs. ESI 1, 2, and 3). The main features
of the boehmite samples are summarized in Table 1 for the starting
materials and in Table 2 for the materials after hydrothermal
treatment.
Regarding the shape, the boehmite crystallites are often consid-
ered to exhibit two main surface types [25]: the basal (010) sur-
face resulting from the splitting of hydrogen bonds between the
Table 1
Specific surface area, size, exposed face area, and volume (V) of the as-synthesized boehmite crystallites. Crystallite size and exposed face area were obtained via XRD simulation.
Sample SBET e020 Crystallite size (nm) Exposed face area (%) Va Db
(m2/g) (nm) Da Db Dc Dd A100 A010 A001 A101 (nm3) (nm)
A 399 2.9 3.4 3.7 0.4 1.4 5 30 35 30 42 4.4
N 297 3.1 0.8 3.8 0.8 3.9 5 40 5 50 91 5.6
SG 358 2.5 0 2.3 0.5 2.9 5 40 0 55 23 3.6
B 337 2.6 1.6 2.4 0.8 2.8 5 50 10 35 45 4.4
a V = crystallite volume.
b D = diameter of a sphere having the volume V.
Table 2
Size, exposed face area, and volume (V) of the boehmite crystallites estimated from XRD simulation data and the corresponding transformation temperature.
Sample Crystallite size (nm) Exposed face area (%) Va Db A3 n Ea Ti
Da Db Dc Dd A100 A010 A001 A101 (nm3) (nm) (s1) (mol) (kJ/mol1) (C)
A 3.4 3.7 0.4 1.4 5 30 35 30 42 4.4 13 3.35 53 270
A-3-150 3.8 3.9 0.8 2.3 5 40 25 30 91 5.6 133 2.42 65 300
A-6-150 5.1 6.5 1.4 1.8 10 30 35 25 181 7.0 1689 2.05 80 317
N 0.8 3.8 0.8 3.9 5 40 5 50 91 5.6 148 1.96 68 312
N-3-150 1.2 6.1 1.2 6.2 5 40 5 50 362 8.8 46,092 1.67 106 345
SG 0 2.3 0.5 2.9 5 40 0 55 23 3.6 50 2.31 61 292
SG-6-150 0 3.6 1.1 5.4 5 45 0 50 128 6.2 5015 1.68 94 342
SG-15-150 0 3.8 1.4 6.4 5 50 0 45 181 7.0 4901 1.55 96 346
B 1.6 2.4 0.8 2.8 5 50 10 35 45 4.4 999 2.42 83 313
B-6-150 1.0 3.7 1.0 4.6 5 45 5 45 128 6.2 29,944 1.85 96 334
B-15-150 1.0 4.8 1.0 4.9 5 40 5 50 181 7.0 50,845 1.69 99 342
B-6-180 1.2 6.1 1.2 6.2 5 40 5 50 362 8.8 301,039 1.56 110 353
B-55-180 1.2 7.8 1.2 6.6 5 35 4 55 512 9.9 3.01e9 1.23 174 384
a V = crystallite volume.
b D = diameter of a sphere having the volume V.
Fig. 1. Most representative A, B (or SG), and N boehmite crystallite morphologies as
determined via XRD simulation. SB and SL correspond to the percentage of the basal
and lateral surfaces, respectively. Upper and lower morphologies correspond to the
smallest and largest boehmite crystallites, respectively.boehmite layers and the (100), (001), (101) surfaces that are the
lateral faces resulting from the breakage of the iono-covalent Al–O
bonds. First, the crystallite thickness (e020), as calculated using
Scherrer’s equation from the (020) reflection, was approximately
3 nm for all starting samples and could reach 10 nm after
hydrothermal treatment (Tables 1 and 2). Afterward, to more accu-
rately determine the crystallite size and shape, the experimental
X-ray patterns were compared to morphology-dependent diffrac-
tion patterns simulated using the Debye formula as described by
Chiche et al. [26] and Espinat et al. [27] Each boehmite crystallite
can be fully described by four parameters (Da, Db, Dc and Dd) that
correspond to the crystallite edge lengths and define the exposed
surface area of each face (see a representation of these sizes in
the Supporting Information Fig. ESI 4). For instance, the crystallite
thickness Db obtained by this XRD simulation was in good agree-
ment with the thickness (e020) determined using Scherrer’s equa-
tion (Table 1). For the sake of clarity, the mean crystallite size D
was defined as the diameter of a sphere having the same volume
as the nanocrystal.
This simulation revealed that both the SG and B crystallites
were diamond shaped with the basal (010) and lateral (101) sur-
faces predominantly exposed with a ratio of 50/50, whereas the A
crystallites were hexagonal displaying three equally exposed faces,
the basal (010) and two lateral faces denoted (001) and (101). The
N crystallites were truncated cubes exhibiting primarily (010) and
(101) faces. One should note that the basal (010) surface corre-
sponds to 50%, 40% and 30% of the total exposed surface for the
B (or SG), N and A samples, respectively (Fig. 1).
The crystallite size increased with increasing hydrothermal
treatment time and/or temperature. However, longer heating
times produced only a small increase in thickness. For example,
at 180 C increasing the hydrothermal treatment time from 6 to
55 h expanded the crystallite thickness from 4.8 to 6.1 nm
(Table 2). Applying the method of XDR pattern simulation, weshowed that the hydrothermal treatment led to an increase of
the crystallite size without significantly changing the shape
(Table 2).
Complementary, we tried to use transmission electronic micro-
scopy (TEM) to characterize crystallite morphology. For the start-
ing materials (in the boehmite state), determining the size and
shape via TEM proved difficult because these thin crystallites were
damaged by the electron beam (dehydration). However, after
hydrothermal treatment, the TEM observation clearly indicated
diamond shaped crystallites, which was in agreement with the
XRD simulation (Fig. ESI 5). The most representative shapes for
the A (hexagonal), N (truncated cube) and B or SG (diamond
shaped) crystallites as determined by combining the XRD simula-
tion and TEM observations are reported in Fig. 1.
3.2. Thermogravimetric analyses and modeling
Because the mass loss essentially resulted from water loss, con-
verting the sample loss into the number of water molecules per
alumina formula (noted n) proved helpful in interpreting the
experimental data and comparing the samples. Because the TGA
experiments were performed up to 1000 C, we assumed that the
final mass mf corresponded to anhydrous Al2O3. Thus, for a sample
with an initial massmi and a massmt at a given time t, n is given by
the following equation:
n ¼ mi mt
mf
MAl2O3
MH2O
ð2Þ
in whichMH2O andMAl2O3 are the molar masses of the water and alu-
mina, respectively. Hence, n = 1 for anhydrous boehmite (AlOOH),
while n = 0 for a-Al2O3.
Examples of the TG curves are provided in Fig. 2, which show
that the B sample contains much more water (n = 2.4) than the
B-55-180 sample (n = 1.2). This excess is due to the water adsorbed
onto the crystallite surfaces; therefore, the water content
decreases as the crystallite size increases (Table 2).
According to several studies [16,28], the thermal decomposition
of nanocrystalline boehmite into transition alumina is a complex
process involving at least four reaction steps. The first step involves
the desorption of the physisorbed water (reversible), the second
step involves the desorption of the chemisorbed water, the third
step involves the decomposition of boehmite into transition alu-
mina, and the last step corresponds to the dehydroxylation of the
transition alumina.
To simulate the dehydration process, we used the same model
as Alphonse and Courty (see Ref. [28] and the ESI experimental sec-
tion for more information regarding this model). As explained, four
steps are considered: desorption of the physisorbed water (1), des-
orption of the chemisorbed water (2), decomposition of boehmite
into transition alumina (3) and dehydroxylation of the transition
alumina (4). The kinetics of each step were based on a reaction-
order model. For instance, for the boehmite decomposition into
transition alumina, the rate law is given by the following:Fig. 2. Water production and AlOOH evolution versus temperature for the (a) B and
(b) B-55-180 samples.d½AlOOH
dt
¼ k3½AlOOH ð3Þ
in which [AlOOH] is the boehmite concentration and k3 is the rate
constant. The partial pressure of the water is not explicitly consid-
ered because, due to the flowing atmosphere, we assumed the par-
tial pressure to be constant and incorporated into the rate constant.
The temperature dependence of the constant k3 is given by the clas-
sical Arrhenius relation:
k3 ¼ A3 exp E3RT
 
ð4Þ
in which A3 is the pre-exponential factor, E3 is the activation energy,
R is the gas constant and T the absolute temperature.
We assumed that the kinetic parameters of each step do not
change during the reaction because (i) the crystallites are small
so that the size effects are minimized, (ii) except for the last step,
the reaction proceeds through a nearly constant surface area, and
(iii) the process involves only short range rearrangements of atoms
in the crystal structure. As it will be shown later, the main goal of
this model was not to provide new insight about the mechanisms
of alumina formation, but rather to de-correlate the different phe-
nomena and to accurately determine the boehmite transformation
temperature.
The involved simulation process used a non-linear least-squares
method to iteratively seek the values of the kinetic parameters (Ei
and Ai) that provided the best fit between the experimental data
and the cumulative H2O concentration computed by integrating
the four differential equations over time. The initial values for
the activation energies were estimated by the Flynn method [29].
For this purpose, the TGA analyses were performed under three
heating rates (b = 2, 5 and 10 C min1).
For all samples, except B-55-180, the experimental curves were
well fitted with the simulated ones (see Fig. ESI 6). We could not
obtain a good fit for B-55-180 likely due to the 50% increase in
the specific surface area (SSA) of this sample (from 100 to
150 m2 g1) after calcination at 450 C. Thus, for this crystallite
size, one could no longer assume that the reaction proceeds
through a nearly constant surface area because the reaction inter-
face increased, accelerating the decomposition process, which can-
not be accounted for with our model. Thus, this model is
inadequate for crystallites larger than 10 nm. The results obtained
for B-55-180 will not be discussed further.
The activation energy for step 1 (E1) was approximately
40 kJ mol1, which is, as expected for physisorbed water desorp-
tion, in agreement with the water condensation energy
(44 kJ mol1) [30]. However, for the second step (chemisorbed
water desorption), the average E2 value remained close to
40 kJ mol1 and such a low value for chemisorbed water molecules
could be related to the high hydroxylation coverage of the surface
(expected to be close to 18 OH nm2 for fully hydrated boehmite
samples). In fact, Hendriksen et al. [31] have reported experimental
values of approximately 45 kJ mol1 for the desorption of water
from an alumina surface with a coverage of 12 OH nm2. Thus,
we can assume that the determined 40 kJ mol1 value could be
relevant for a surface coverage that varies between 15 and
18 OH nm2. It is important to notice that the kinetic parameter
of these two steps of sorbed water desorption does not depend
on the crystallite size and shape and are equivalent for all the
samples.
On contrary, for the third step (boehmite decomposition into
transition alumina), the activation energy (E3) significantly
increased as the crystallites grew and was 80 and 170 kJ mol1
for B and B-55-180, respectively (Table 2). The few papers pub-
lished on boehmite dehydration kinetics give conflicting results,
with activation energies ranging from 42 kJ mol1 [32], up to
300 kJ mol1 [33]. As outlined by Xu and Smith [34], these discrep-
ancies could be caused by several factors including the preparation
conditions, boehmite textural and morphological properties, ther-
mal dehydration conditions and the experimental data processing
methods. The activation energy reported by Xu and Smith [34]
using either isothermal or non-isothermal treatment was approxi-
mately 190 kJ mol1 for a boehmite sample with large crystallites
(>100 nm) and a low specific surface area (4 m2 g1). This confirms
that large crystallites lead to large activation energies.
The activation energy of the last step can appear low for a reac-
tion that occurs in this temperature range. Nevertheless, this value
(100 kJ mol1) is in the same order of magnitude as the
85 kJ mol1 reported by Hendriksen et al. [31] for water desorption
from an alumina surface containing 9 OH nm2 (which correspond
to order of magnitude of OH density expected for transition alu-
mina at about 600 C) [35].
Through this simulation process, the third step, corresponding
to the boehmite transformation into alumina, could be isolated
and its starting temperature (Ti) precisely determined (Fig. 2).
Regardless of the crystallite shape and the synthesis conditions,
we observed that Ti increased when the crystallite size increased
(Fig. 3 and Table 2). For the B-derived samples, the temperature
difference between crystallites of 4.4 nm and 8.8 nm was approxi-
mately 90 C. Moreover, Fig. 3 clearly indicates that Ti depends on
the crystallite shape. Because the SG- and B-derived samples have
the same shape, they are expected to have the same transforma-
tion temperature, which is indeed the case and indicates that the
synthesis method has a minor effect on the transformation tem-
perature. Unlike the SG- and B-derived samples that have similar
Ti values for comparable sizes, the B and A samples of similar size
yielded different Ti values. For example, the Ti found for 4-nm crys-
tallites of the A sample was 45 C lower than that for the B sample.
In the next section, we will try to explain these very significant
variations of transformation temperatures, by taking into account
the surface energy differences resulting from the crystallite mor-
phology differences.
3.3. Transformation temperature’s dependence to the crystallites
morphology
To rationalize this relationship between the Ti and the crystal-
lite size and shape, we have developed a thermodynamic calcula-
tion that accounts for the surface energy contribution. Based on
Eq. (1), the Gibbs energy of the system is given by the following:Fig. 3. Comparison between the Ti (temperature at which boehmite begins to
convert into c-alumina) calculated using Eq. (7) (curves) and the Ti obtained from
the kinetic simulation of TGA (symbols).G ¼ GAl2O3 þ GH2O  2 GAlOOH ð5Þ
in which Gi terms correspond to the respective Gibbs energies of
c-alumina, water and boehmite. For boehmite and alumina, Gi
was calculated as a function of temperature according to the follow-
ing equation taking into account the surface energy contribution:
GðTÞ ¼ H0i  T  Si þ
X
j
sj  Csj ð6Þ
in which H0i and Si correspond to the enthalpy of formation and the
entropy, respectively. The last summation is the surface energy con-
tribution and run over all the exposed j surfaces on the crystallite: sj
is the surface area of the j surface and Cj the surface energy of the j
surface.
Lastly, the temperature Ti at which the boehmite begins to
convert into c-alumina (G = 0 in Eq. (5)) was calculated using the
following equation:
Ti ¼
H0Al2O3 þ
X
j
SAl2O3j  Cs
Al2O3
j þ H0H2O  2 H
0
AlOOH þ
X
j
sAlOOHj  Cs
AlOOH
j
 
SH2O
ð7Þ
in which SH2O is the entropic contribution from the water. We
assumed that the entropic contribution of the solids (i.e., boehmite
and c-alumina) can be neglected versus that of the water. The
formation enthalpies for the boehmite and c-alumina were taken
from the CRC Handbook of Chemistry and Physics [36]
(H0B = 985 kJ mol1 and H0A = 1610 kJ mol1). The surface
energy was estimated from data available in the literature. As pre-
viously stated, boehmite crystallites are often considered to exhibit
two main types of surfaces: the basal (010) surface and the lateral
surface corresponding to the (100), (001), (101) faces. The lateral
surfaces are generated by cutting Al–O bonds, whereas, the basal
surface is generated by cutting hydrogen bonds: for this reason,
the basal surface exhibit lower surface energy. Consequently, in
our model, we considered only these two groups of surface, the
basal and lateral ones, noted b and l, respectively. The surface ener-
gies were taken as 0.7 J m2 and 1.65 J m2 for the basal and lateral
surfaces, respectively, a choice that will be discussed in a subse-
quent section.
Fig. 4 provides the plot of Ti versus the crystallite size for a
basal/lateral surface ratio in the range of 10–100% (Cl/Cb = 2.36).
Obviously, a larger basal surface leads to a higher transformation
temperature. For example, for 5-nm crystallites, the Ti decreases
from 375 to 220 C when the basal/lateral surface ratio decreasesFig. 4. Ti (temperature at which boehmite begins to convert into c-alumina) versus
crystallite size and shape. Ti was calculated using Eq. (7).
from 100% to 10%. This large difference (150 C) could explain the
wide temperature range reported in the literature for the boehmite
transformation into alumina [14,15]. For several other nanosized
materials, the crystallite size has already been suspected as a crit-
ical parameter for such transitions. However, the impact of the
crystallite shape on the goethite/hematite phase transformation
has only been demonstrated in a simulation study [4].
Moreover, the calculation of the transformation temperature
curves for Cl/Cb = 1.57 and 3.54 for crystallites exposing 50/50
basal/lateral face ratio is provided in Fig. 4, which demonstrates
that the transformation temperature increased as the surface
energy of the lateral phase decreased. This result could explain
the impact of impurities on the transformation temperature. For
example, if impurities are chemisorbed onto the lateral faces
(DFT calculations have indicated that chemisorption occurs mainly
on lateral faces [25]), they could stabilize these faces thereby
inducing an increase in the transformation temperature.
These calculations were then applied to the shape developed
by our boehmite samples, which corresponds to the following
options:
(1) rhombus crystallites with lateral faces representing 50% of
the total surface (the B and SG samples),
(2) rhombus crystallites with lateral surface representing 40% of
the total surface (the N samples),
(3) hexagonal crystallites with lateral faces representing 70% of
the total surface (the A samples).
To obtain the best agreement with the experimental values
(Fig. 3), the surface energy and the enthalpies of formation were
adjusted slightly. However, the attuned values of the surface
energy (0.70 and 1.65 J m2 for the basal and lateral faces, respec-
tively) remained close to the average values of 0.7 and 1.9 J m2
reported in the literature [19,26,37]. Likewise, we found H0i values
of 989 and 1609 kJ mol1 for boehmite and alumina, respec-
tively, which are close to those in the CRC Handbook of Chemistry
and Physics [36] (985 and 1610 kJ mol1).
The good agreement between the experimental Ti values and
the calculated curves for the three morphologies validates our sim-
plified thermodynamic model and the XRD simulation results.4. Conclusions
In conclusion, this work has successfully linked the crystallite
morphological properties to its macroscopic behavior such as
transformation temperature. To obtain different crystallite mor-
phologies, we have adjusted the synthesis conditions to fine-tune
the boehmite nanocrystallite shape and size. We demonstrated
that boehmite nanocrystallite size and shape were the driving
forces behind their transformation into alumina: (i) larger crystal-
lites had higher transformation temperatures, and (ii) larger lateral
surfaces led to lower transformation temperatures.
The experimental results were obtained for 13 boehmite
samples in three shapes whose sizes ranged between 3.6 and
9.9 nm. The experimental boehmite-to-alumina, transformation
temperatures were determined via kinetic simulations of the
non-isothermal TG curves. These experimental results were then
confirmed using a thermodynamic model calculation, the validity
of which was evidenced by the good agreement between the
calculated and the experimental transformation temperatures.
This result demonstrates that the transformation temperature
can be tuned according to the size and shape of the boehmite
nanocrystallites. The as-developed model takes into account only
two surface energies, but could be improved by considering other
lateral faces (e.g., the (001) and (100)). Furthermore, the impact ofimpurities on the transformation temperature for either boehmite
or other oxyhydroxides can be predicted using this model, which
supposes that the surface energies could be calculated as a
function of the impurity content.
The methodology developed in this study could be applied to
the synthesis of other oxide materials and to the study of their
phase transformations. The contributions of this study and the
as-determined kinetic data, in particular, could be a powerful tool
for optimizing calcination processes. Thus, new efficient calcina-
tion processes could save energy while optimizing support
properties.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apt.2016.06.014.References
[1] P. Euzen, P. Raybaud, X. Krokidis, H. Toulhoat, J.-L. Le Loarer, J.-P. Jolivet, C.
Froidefond, Alumina, in: F. Schüth, K.S.W. Sing, J. Weitkamp (Eds.), Handbook
of Porous Solids, Wiley-VCH Verlag GmbH, Weinheim, Germany, 2002, pp.
1591–1677.
[2] A.S. Barnard, H. Xu, An environmentally sensitive phase map of titania
nanocrystals, ACS Nano 2 (2008) 2237–2242.
[3] A.A. Lamberov, E.Y. Sitnikova, A.S. Abdulganeeva, Kinetic features of phase
transformation of kaolinite into metakaolinite for kaolin clays from different
deposits, Russ. J. Appl. Chem. 85 (2012) 892–897.
[4] S. Hémon, A. Berthelot, C. Dufour, F. Gourbilleau, E. Dooryhée, S. Bégin-Colin, E.
Paumier, Influence of the crystallite size on the phase transformation of yttria
irradiated with swift heavy ions, Eur. Phys. J. B 19 (2001) 517–523.
[5] H. Guo, A.S. Barnard, Thermodynamic modelling of nanomorphologies of
hematite and goethite, J. Mater. Chem. 21 (2011) 11566–11577.
[6] J.M. McHale, A. Auroux, A.J. Perrotta, A. Navrotsky, Surface energies and
thermodynamic phase stability in nanocrystalline aluminas, Science 277
(1997) 788–791.
[7] G. Busca, The surface of transitional aluminas: a critical review, Catal. Today
226 (2014) 2–13.
[8] F. Karouia, M. Boualleg, M. Digne, P. Alphonse, Control of the textural
properties of nanocrystalline boehmite (c-AlOOH) regarding its peptization
ability, Powder Technol. 237 (2013) 602–609.
[9] B.E. Yoldas, US patent 3941719, 1976.
[10] T.K. Phung, C. Herrera, M.Á. Larrubia, M. García-Diéguez, E. Finocchio, L.J.
Alemany, G. Busca, Surface and catalytic properties of some c-Al2O3 powders,
Appl. Catal. A 483 (2014) 41–51.
[11] X. Liu, C. Niu, X. Zhen, J. Wang, X. Su, Novel approach for synthesis of boehmite
nanostructures and their conversion to aluminum oxide nanostructures for
remove Congo red, J. Colloid Interface Sci. 452 (2015) 116–125.
[12] R.S. Zhou, R.L. Snyder, Structures and transformation mechanisms of the g, c
and h transition aluminas, Acta Crystallogr. Sect. B: Struct. Sci. 47 (1991) 617–
630.
[13] B.C. Lippens, J.H. de Boer, Study of phase transformations during calcination of
aluminum hydroxides by selected area electron diffraction, Acta Crystallogr.
17 (1964) 1312–1321.
[14] X. Bokhimi, J.A. Toledo-Antonio, M.L. Guzmán-Castillo, B. Mar-Mar, F.
Hernández-Beltrán, J. Navarrete, Dependence of boehmite thermal evolution
on its atom bond lengths and crystallite size, J. Sol. State Chem. 161 (2001)
319–326.
[15] M. Digne, P. Sautet, P. Raybaud, H. Toulhoat, E. Artacho, Structure and stability
of aluminum hydroxides: a theoretical study, J. Phys. Chem. B 106 (2002)
5155–5162.
[16] T. Tsukada, H. Segawa, A. Yasumori, K. Okada, Crystallinity of boehmite and its
effect on the phase transition temperature of alumina, J. Mater. Chem. 9 (1999)
549–553.
[17] G.-F. Fu, J. Wang, X. Bing, H. Gao, X.L. Xu, H. Cheng, Influence of hydrothermal
temperature on structure and microstructure of boehmite, Trans. Nonferrous
Met. Soc. China 20 (2010) s221–s225.
[18] J. Lee, H. Jeon, D.G. Oh, J. Szanyi, J.H. Kwak, Morphology-dependent phase
transformation of c-Al2O3, Appl. Catal. A 500 (2015) 58–68.
[19] M. Digne, P. Sautet, P. Raybaud, P. Euzen, H. Toulhoat, Use of DFT to achieve a
rational understanding of acid-basic properties of c-alumina surfaces, J. Catal.
226 (2004) 54–68.
[20] J.H. Kwak, Charles H.F. Peden, J. Szanyi, Using a surface-sensitive chemical
probe and a bulk structure technique to monitor the c- to h-Al2O3 phase
transformation, J. Phys. Chem. C 115 (2011) 12575–12579.
[21] Ricardo H.R. Castro, D.V. Quach, Analysis of anhydrous and hydrated surface
energies of gamma-Al2O3 by water adsorption microcalorimetry, J. Phys.
Chem. C 116 (2012) 24726–24733.
[22] J.W. Drazin, Ricardo H.R. Castro, Water adsorption microcalorimetry model:
deciphering surface energies and water chemical potentials of nanocrystalline
oxides, J. Phys. Chem. C 118 (2014) 10131–10142.
[23] J.-P. Jolivet, C. Froidefond, A. Pottier, C. Chanéac, S. Cassaignon, E. Tronc, P.
Euzen, Size tailoring of oxide nanoparticles by precipitation in aqueous
medium. A semi-quantitative modelling, J. Mater. Chem. 14 (2004) 3281.
[24] E. Morgado, Y.L. Lam, L.F. Nazar, Formation of peptizable boehmites by
hydrolysis of aluminum nitrate in aqueous solution, J. Colloid Interface Sci. 188
(1997) 257–269.
[25] P. Raybaud, M. Digne, R. Iftimie, W. Wellens, P. Euzen, H. Toulhoat,
Morphology and surface properties of boehmite (c-AlOOH): a density
functional theory study, J. Catal. 201 (2001) 236–246.
[26] D. Chiche, M. Digne, R. Revel, C. Chanéac, J.-P. Jolivet, Accurate determination
of oxide nanoparticle size and shape based on X-ray powder pattern
simulation: application to boehmite AlOOH, J. Phys. Chem. C 112 (2008)
8524–8533.
[27] D. Espinat, F. Thevenot, J. Grimoud, K. El Malki, Powerful new software for the
simulation of WAXS and SAXS diagrams, J. Appl. Cryst. 26 (1993) 368–383.
[28] P. Alphonse, M. Courty, Structure and thermal behavior of nanocrystalline
boehmite, Thermochim. Acta 425 (2005) 75–89.
[29] J.H. Flynn, The isoconversional method for determination of energy of
activation at constant heating rates, J. Therm. Anal. 27 (1983) 95–102.[30] J.M. McHale, A. Navrotsky, A.J. Perrotta, Effects of increased surface area and
chemisorbed H2O on the relative stability of nanocrystalline c-Al2O3 and a-
Al2O3, J. Phys. Chem. B 101 (1997) 603–613.
[31] D.R. Hendriksen, D.R. Pearce, R. Rudham, Heats of adsorption of water on a-
and c-alumina, J. Catal. 24 (1972) 82–87.
[32] L. Abrams, M.J.D. Low, Thermal decomposition of fibrillar synthetic boehmite,
Ind. Eng. Chem. Prod. Res. Dev. 8 (1969) 38–48.
[33] T.C. Alex, C. Sasi Kumar, A.J. Kailath, R. Kumar, S.K. Roy, S.P. Mehrotra, Analysis
of mechanically induced reactivity of boehmite using kinetics of boehmite to
c-Al2O3 transformation, Metall. Mater. Trans. B 42 (2011) 592–603.
[34] B. Xu, P. Smith, Dehydration kinetics of boehmite in the temperature range
723–873 K, Thermochim. Acta 531 (2012) 46–53.
[35] J. Hietala, A. Root, P. Knuuttila, The surface acidity of pure and modified
aluminas in Re/Al2O3 metathesis catalysts as studied by 1H MAS NMR
spectroscopy and its importance in the ethenolysis of 1,5-cyclooctadiene, J.
Catal. 150 (1994) 46–55.
[36] R.C. Weast, Handbook of Chemistry and Physics, 55th ed., CRC Press, Cleveland,
Ohio, 1974.
[37] F. Mercuri, D. Costa, P. Marcus, Theoretical investigations of the relaxation and
reconstruction of the c-AlO(OH) boehmite (101) surface and boehmite
nanorods, J. Phys. Chem. C 113 (2009) 5228–5237.
